Introduction
Impulse response measurement is very important in acoustic measurement and signal processing. However, measurement errors occur due to ambient noise. M-sequence [I] and swept-sine signals (such as TSP signal [2] ) are widely used to solve this problem. In recent years, effective signals have been proposed for impulse response measurement in the presence of low-frequency ambient noise [3, 4] . In this study, we produced measurement signals that have maximal signal to-noise (SN) ratios against ambient noise with an arbitrary spectrum.
2. Optimal spectrum of measurement signal 2.1. Noise-induced error Figure lea) shows the principle of impulse response measurement in the frequency domain. A signal with the frequency spectrum Sew) (hereafter abbreviated as S) is applied to a target system whose transfer function is H. By i ,:, multiplying the observed output H . S by I/S, the transfer function H of the system is obtained (the inverse Fourier transform of H represents its impulse response).
Figure l(b ) shows the case in which the ambient noise No is added to the observed output H . S. Here, the noise is assumed to be stationary. In this case, No/S is added to the measurement result as a noise-induced error. 
Then, the optimum spectrum PSopt(w) is given as
From this equation, it is clear that the energy spectrum of the signal that minimizes the noise-induced error and maximizes the SN ratio, P sopt(w), is proportional to the square root of the energy spectrum of noise, PN(W) .
Synthesis of optimum measurement signal
The two commonly used representative signals are M sequence and swept-sine signals. Generally, the spectrum of these signals is white. However, the noise-induced error can be minimized by introducing the optimum spectrum, as discussed in section 2.2.
• Random signal Prior to actual calculations, the energy spectrum of the noise, PN(W), is measured and a random signal that has the fourth-order root of the spectrum PN(W) as its amplitude is synthesized. More practically , one period of an M-sequence signal is converted into a signal in the frequency domain. We then multiply the frequency-domain signal by the optimal amplitude spectrum (the fourth-order root of PN(w». There after, the signal is reconverted back to a time-domain signal and we designate it as the measurement signal.
• Swept-sine signal If the amplitude characteristics are altered while main taining the phase characteri stics of a swept-sine signal, the constant-amplitude characteristics of its waveform, which are the advantage of this approach, disappear. Therefore, we produce the optimum energy spectrum PSopt(w) by adjusting the sweeping time for each frequency. By utilizing the fact that the phase characteristics of a constant-amplitude swept sine signal can be obtained if the energy spectrum is integrated twice, we can obtain the desired swept-sine signal [5] . 3. Error reduction simulation 3.1. Simulation conditions To confirm the effectiveness of the proposed method, we simulated the procedure. The object of measurement in this study is an impul se response of a loudspeaker. In the conventional method, an M-sequence signal with length 2 13-1 was used. In the proposed method, a signal in which the optimal spectrum is assigned to the M-sequence was used. Furthermore, a) low-frequency noise and b) 500-1 ,000 Hz band noise are added to the signal as ambient noise. 3.2. Results Figure 2 shows an example of the measurement results. Measurement errors like a stationary noise contaminate the impul se respon se. We calculated the spectrum of the noise induced errors included in each measurement result. Figure 3 shows the results for the case of a low-frequency noise. When the conventional method is used, the error spectrum is the same as that of ambient noise No(w) because S == 1 in Fig. l(b) . On the other hand , in the proposed method, the low-frequency component, the energy of which is large, was suppres sed . The noise suppression effect of the propo sed method for the entire band was approximately 3 dB . In the proposed method, the error spectrum is reduced in a manner similar to that in the case shown in Fig. 3 , although it is slightly enlarged in the high-frequency range . The noise suppression effect for the entire band was approximately 6 dB. 
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